Introduction

50
It is widely accepted that herbivores face nutritional challenges, including low digestive 51 efficiency of food due to high fiber (Milton 1979 ), plant-produced toxins (Rosenthal & 52 Berenbaum 1991), and nutritionally imbalanced foods (Ritchie 2000; Elser et al. 2000 Elser et al. , 2007 .
53
Such nutritional challenges may grow worse under ongoing climate change that shifts the 54 range, timing, and physiological conditions of forage plants (Tuanmu et al. 2012) . In response (Dierenfeld et al. 1982) , and consequently needs to eat large 81 amounts of poorly digestible foods (Hu et al. 1990 ). This high degree of specialization on 82 large quantities of low quality food taken from a small number of plant species renders the 83 giant panda vulnerable to extinction in the face of environmental change (Colles et al. 2009 ).
84
Further, its recently acquired herbivorous lifestyle provides an especially interesting 85 opportunity for evaluating how shifts in herbivore behavior allow a species to cope with food 86 quality challenges involving the levels and balance of essential nutrients.
87
Previous studies have highlighted a number of interesting ecological and life history 88 characteristics that might be associated with the ability of panda populations to survive as 89 bamboo specialists (Schaller et al. 1985; Pan et al. 2001) . Nevertheless, these relationships 90 remain poorly understood, largely because of the difficulty of obtaining intensive behavioral 91 data for these secretive animals. Other bears give birth to unusually small, altricial young, a 92 trait that has been associated with hibernation (Garshelis 2004 (Schaller et al. 1985) . While the adaptive significance of this remains uncertain (Thom et al. 99 2004), delayed implantation is believed to be an ecological adaptation to adjust the timing of 100 mating and the rearing of offspring to different seasonal environments (Sandell 1990 ).
101
In this study we used a combination of direct behavioral observations and 102 individual-based characterization of food intake and egestion to assess the nutritional 103 consequences of the seasonal food choices of pandas. We relate these choices to the timing of 104 altitudinal migration and other major life history events including seasonal mortality, mating, 105 gestation, parturition and lactation. We focused our analysis on the mineral nutrients calcium 106 and phosphorus, as well as nitrogen as a proxy for protein, because of the critical roles that 107 these nutrients play in growth and reproduction of animals, including mammals (White 1993 
Methods
124
Study site and animals
125
This study was conducted in Foping Reserve, a key panda reserve, in the Qinling The leaves of WB persist year-round while the AB leaves drop off in winter. year-round. We defined a feeding patch as an area with a size of ~300 x 300 m within which a 150 panda was observed feeding for at least 24 hours (because the gut passage time is usually 151 around 10-12 hours; Schaller et al. 1985) . Bamboo leaf and shoot samples were collected 152 according to the age of plants; that is, one-and multi-year old leaves, and new and old shoots, respectively. All food and fecal samples were coded by the feeding patch, dried in the field 154 station, and the plant samples were sorted by different bamboo species and tissues. The dried 155 plant and fecal samples were stored in zip-lock bags in the field for transport to laboratory.
156
Life cycle and mortality data collection 157 To examine the possible relationship between nutrition and reproduction strategy, we laboratory mill and oven-dried at 70℃ and then weighed before laboratory analyses. We used 168 the micro-Kjeldahl method (Bremner 1996) to analyze N concentrations (% of dry mass). P 169 contents (% of dry mass) were measured by the ammonium molybdate method after 170 persulfate oxidation (Kuo 1996) , standardized against known reference materials. Ca contents 171 (% of dry mass) were determined using an atomic absorption spectrometer after hydrofluoric 172 acid oxidation (Langmyhr & Thomassen 1973) . nutrients, for which measures are needed of the absolute intake and excretion of each nutrient.
180
Rather, by comparing the concentrations of nutrients in the food and matched feces we are 181 able to establish the relative extraction efficiencies of the focal nutrients (Raubenheimer 2011 ).
182
For example, if the concentration of P in the feces was half that in the matched foods, we 183 could not conclude that P was extracted with 50% efficiency, because we would not know the 184 extent to which the change in P concentration from food to feces was due to the extraction of 185 other nutrients (i.e., changes in the denominator rather than numerator in the concentration 186 ratio). However, if the Ca:P ratio in the food was twice the Ca:P ratio in the feces, then we 187 could conclude that Ca was extracted with higher efficiency (by a factor of 2) than P. Since in 188 this analysis we were interested in the relative extraction efficiencies of Ca, P and N, we births in late August (29%) and one in early September (14%) during our study (Fig. 2) . (Fig. 2) . and P (P < 0.001) than the leaves, with disproportionately more P and hence a lower N:P ratio 251 (P < 0.001). As the shoots matured through May and early June the concentrations of both N 252 (P < 0.0001) and P (P < 0.0001) dropped, but the N:P ratio remained unchanged (P = 0.097).
253
The arrow marked 2 in Fig. 3a shows nutritional changes associated with the switch from 254 old WB shoots to young AB shoots in June (see Fig. 2 ). The N:P ratio did not differ between 255 the foods (P = 0.98), but the concentrations of both N (P < 0.0001) and P (P < 0.0001) were 256 higher in AB shoots, indicating a shift to foods that allow greater intake of these nutrients.
257
By mid-July the concentrations of both N and P in the AB shoots had significantly 258 declined (P < 0.001), although the N:P ratio barely changed (P = 0.057). This corresponded 259 with a switch in July from the older shoots to young leaves of AB (solid arrow marked 3 in 260 Fig. 3a) , which were higher both in N (P < 0.0001) and P (P < 0.0001), with an increased N:P 261 ratio (P < 0.0001).
262
Between mid-July and August, the concentrations of N (P < 0.0001) and P (P < 0.0001) 263 had decreased in AB leaves, and the N:P ratio had increased from 11.9±0.35 to 13.9±0.57 (P 264 = 0.005), whereupon female pandas migrated to the lower altitude foraging site and fed on 265 young leaves of WB. These leaves had a significantly higher P content (P = 0.016) with 
268
From August to April, when the pandas once again switched to young shoots of WB
269
(arrow 1 in Fig. 3a) , the concentrations of both N (P < 0.0001) and P (P < 0.0001) in WB 270 leaves decreased, and the N:P ratio increased (P = 0.002).
271
Calcium-phosphorus relationships
272
The relationships between Ca and P in the dietary transitions by pandas through the 273 annual cycle are shown in Fig. 3b . The significant increase in dietary P concentration (see 274 above) corresponding with the spring switch from leaves to shoots of WB (Fig. 2) was 275 accompanied by a reduction in Ca (P < 0.0001), and consequently a strong decrease in the 276 Ca:P ratio (P < 0.0001). Thereafter, as the shoots aged, the concentration of Ca dropped (P < 277 0.0001) together with the concentration of P (see above). However, Ca dropped more steeply 278 than P, resulting in a significant reduction in the Ca:P ratio (P < 0.0001). The Ca:P ratios of 2000) (P < 0.0001). In contrast, the mean Ca:P ratio of mature WB leaves was 3.4±0.24, 283 which is significantly higher than the maximum of 2 recommended for mammals (P < 284 0.0001).
285
The switch from the old shoots of WB to young shoots of AB (arrow 2 in Fig. 3b ) was 286 associated not only with a significant increase in P (see above), but also with a proportionately 287 larger increase in Ca (P < 0.0001). Consequently, the Ca:P ratio was higher (closer to the 288 14 recommended range) in young AB (0.25±0.02) than the older WB shoots (0.09±0.03, P < 289 0.0001). As AB shoots aged, there was a reduction in P (see above) and Ca (P < 0.0001), and 290 a decrease in the Ca:P ratio from 0.25 to 0.10 (P < 0.0001).
291
In mid-July, when the pandas switched from shoots to young leaves of AB (arrow 3 in Fig.   292 3b), the leaves were significantly higher in both P (above) and Ca (P < 0.0001), with a 293 substantially higher Ca:P ratio (P < 0.0001). At a value of 0.10±0.02, the Ca:P ratio of shoots 294 was an order of magnitude lower than the recommended minimum for mammals of 1 (P < 295 0.0001), while the value for leaves (2.49±0.08) was marginally but significantly greater than 296 the recommended maximum ratio of 2 (P < 0.0001).
297
By mid-August the leaves of AB had reduced in both P (see above) and Ca (P < 0.0001) 298 concentrations, but the Ca:P ratio remained unchanged (P = 0.84). At this point the female 299 pandas moved to a lower elevation and switched to the younger leaves of WB, which had a 300 significantly higher P content (above) and marginally higher Ca (0.51±0.04% vs.0.43± 301 0.02%; P = 0.08). The Ca:P ratio did not differ between the leaves of the two species (P = 302 0.97).
303
From mid-August, when female pandas started eating young WB leaves, to April when 304 they switched from the now older leaves to young WB shoots (arrow 1 in Fig. 3b ), P 305 concentration in the leaves dropped (above) but there was no change in Ca (P = 0.63).
306
Consequently, the dietary Ca:P ratio of the WB leaves increased from 2.5±0.13 in 307 mid-August to 3.4±0.24 in April (P = 0.002).
308
Relative digestive extraction efficiencies 309 Our analysis (Table 1) showed that, relative to N, both Ca and P were enriched in feces 310 15 compared with shoots, whether the food species was WB (Fig. 4a) or AB (Fig. 4b) . This 311 demonstrates that N was extracted from shoots with higher relative efficiency than either P or 312 Ca. Additionally, the Ca:P ratio in feces was higher than in shoots, indicating that Ca was 313 extracted with lower relative efficiency than P, thus exacerbating the effective deficit of Ca 314 relative to P in shoots. In both species of bamboo, the feces associated with leaves were 315 relatively enriched in Ca, whereas the proportional concentration of P was statistically 316 unchanged in leaves and feces (Table 1, Figs 4a and 4b) . 
346
Nutrient concentrations also differed between species of bamboo, but these differences 347 were contingent on the plant part. Specifically, the young shoots of wood bamboo had 348 considerably higher N, P, and Ca concentrations than the young arrow bamboo shoots, 349 whereas the species difference was less marked and reversed for leaves (Figs 3a and 3b) . The 350 greatest difference between plant parts, however, was in the balance of nutrients. Leaves had a 351 higher N:P ratio (Fig. 3a) and a substantially higher Ca:P ratio (Fig. 3b) than did shoots, and 352 this contrast applied for both bamboo species. Such differences in nutrient balance can be a 353 significant parameter of food quality, because nutrient balance determines the ways that greater extent than N, and consequently the dietary N:P ratio decreased. Since the N:P ratio of 362 wood bamboo leaves was higher than the optimal range, the decrease corresponding to the 363 switch to shoots brings the N:P ratio in the diet more in line with estimated requirements (the 364 shaded area in Fig. 3a) . The higher P concentrations in the shoots of wood bamboo do, 365 however, have important consequences for giant pandas in relation to the dietary Ca:P ratio.
366
Dietary Ca:P ratios of 1:1 to 2:1 are recommended for mammals (Fig. 3b) , with excesses 367 of either nutrient interfering with the absorption and metabolism of the other (Robbins 2001 ).
368
When the Ca:P ratio drops much below 1, P impedes absorption of the already limiting Ca, 369 resulting in Ca resorption from bones and ultimately osteomalacia (softening of the bones) 370 and associated diseases. In both human and animal studies, Ca:P ratios less than 0.5 have been noteworthy that the high levels of P in young wood bamboo shoots in our study resulted in 375 Ca:P ratios of considerably less than 1 (0.2) . In contrast, Ca-P ratios in leaves were closer to 376 18 the recommended range for mammals, being marginally above 2 (Fig. 3b) . In general, Ca:P 377 ratios higher than 2 (surplus Ca) are tolerated by herbivores to a greater extent than ratios less 378 than 1 (surplus P) (Robbins 2001 ).
379
It is important to note that measures of Ca:P ratios in plant foods might not accurately 380 represent the biologically effective Ca:P ratios, because a proportion of these elements might 381 be bound in molecular complexes that render them unavailable (Suttle 2010 ). For example 382 phytic acid is an important storage form of P in many plant tissues (especially seeds), and is 383 poorly digested by non-ruminant herbivores. However, if the relative excess of P in the panda 384 diet was significantly influenced by unavailable P in this way, then we would expect the feces 385 would be more highly P-enriched relative to Ca, but this was not the case. Rather, the feces 386 produced from bamboo shoots were enriched in Ca relative to P (i.e. the Ca:P ratio of feces 387 was greater than the Ca:P ratio of the shoots), and therefore the post-absorptive Ca:P ratio 388 associated with shoots was even lower than 0.2 (Fig. 4) . The relatively high Ca levels in the 389 feces are consistent with the interfering effect of surplus P on Ca absorption discussed above.
390
By contrast with shoots, the feces associated with leaves were enriched in Ca but had 391 statistically similar P contents to the leaves (Fig. 4) . This selective egestion of Ca would bring 392 the Ca:P ratio of leaves, which was marginally higher than 2, more closely in line with the 393 recommended range.
394
Our nutritional analysis therefore implies that, when pandas switch from a diet of old 395 leaves to shoots of wood bamboo at around the time of mating, they shift from a diet that is 396 low in both N and P with a N:P ratio that exceeds the maximum recommended for mammals 397 to a diet that is higher in both nutrients and has an N:P ratio within the recommended range (Fig. 3a) . With the subsequent switch to arrow bamboo shoots, the dietary concentrations of 399 both N and P were reduced but the N:P ratio was very close to the center of the expected N:P 400 range (~6.75, Fig. 3a) . These high shoot N and P contents likely help support construction of 401 the placenta and the growing embryo during fetal development. During this period, however, 402 the dietary Ca:P ratio was considerably lower than considered necessary to support 403 reproduction in mammals, and was only restored with the subsequent switch to arrow bamboo 404 leaves (Figs 2 and 3b) . with an interpretation that the extended low quality of the winter diet of leaves is nutritionally 423 stressful, highlighting the need for both mother and offspring to forage for limiting nutrients.
424
In summary, our analysis has shown that young shoots of wood bamboo were high in P 425 and N but had a Ca:P ratio markedly lower than is considered necessary to support bone 426 growth in mammals. In June, the levels of P, Ca and N dropped in the maturing shoots of 427 wood bamboo, whereupon the pandas migrated to higher elevation. This allowed them to 428 switch to arrow bamboo shoots, which had higher levels of P, N and Ca but again a 429 sub-optimally low Ca:P ratio. By early August, during the late stages of gestation, nutrient 430 levels in arrow bamboo shoots had dropped and the pandas switched to feeding on the leaves 431 of the same species. These had higher nutrient levels, in particular Ca, a more favorable Ca:P 432 ratio, and a better Ca:P absorption profile than bamboo shoots. In August, females returned to 
